Copper concentration profile in SiO 2 during Bias Temperature Stress (BTS) test is simulated considering the driving forces of both concentration gradient and electric field. In particular, the variation of electric field as a result of the diffused copper ions in SiO 2 is considered. Our simulation results demonstrate that while the driving force resulted from the concentration gradient is negligible in typical BTS condition, it becomes important at low electric fields at which device normally operates. It means that the lifetime of device straightforwardly deduced from the stressed condition could possibly be overestimated if the effect of concentration gradient is neglected.
In the era of copper metallization, the rapid migration of copper through the dielectric layer (SiO 2 and other low-k dielectric layer) has become one of the critical issues in manufacturing reliable devices. Unlike the case of aluminum, it has been well known that copper rapidly migrates through the SiO 2 layer and causes the dielectric layer be leaky and changes the flatband voltage of it. Since both of these parameters, leakage current through the dielectric layer and the flatband voltage shift of it, are critical issues in making reliable devices, the diffusion of copper through the dielectric layer should be fully understood and possibly be fully retarded.
It is generally understood that copper exists and diffuses as an ionic state. There are may experimental results showing that the migration of copper is enhanced by the applied electric field indicate that copper migrates as a charged state in SiO 2 .
1-4) Indeed, this is the main reason why the migration of copper through the SiO 2 layer and other low-k dielectric layer is normally tested under both thermal and electric field stress called bias temperature stress (BTS) condition. 1, 3) In this respect, the diffusion of copper through the dielectric layer is considered as belongs to the typical case of charged particle diffusion under both concentration gradient and electric field driving forces. Of course, since the copper exists as a charged particle (ions) in the dielectric layer, the electric field distribution across the layer should be modified with the copper concentration in it.
While the aforementioned our argument is such a straightforward one, it is interesting that no one has ever attempted to understand it in that frame. While, McBrayer et al. calculated concentration profile of copper by considering both concentration gradient and electric field driving forces, 5) they have neglected the effect of concentration gradient in interpreting their experimental results. Moreover, they assumed that electric field in SiO 2 is constant during BTS test, thus neglected the effect of copper ions in varying the electric field in SiO 2 . In this study, we report the simulated concentration profile of copper by solving the diffusion equation considering the driving forces of both concentration gradient and electric field. Moreover, the effect of electric field change due to copper ions in SiO 2 layer is evaluated. For simulating the evolution of copper concentration in SiO 2 , following assumptions were made. First assumption is that copper in SiO 2 exists as positive singly ion (Cu + ) based on the thermodynamic calculation of solid solubility of various copper species. 5) Second one is that copper diffuses only normal to surface because the diffusion is enhanced in parallel to the direction of electric field.
The flux equation of copper diffusion is expressed by eq. (1) when one considers both concentration gradient and electric force driving forces,
where, D is the diffusivity of Cu in SiO 2 , E is the electric field, b is the jump distance of Cu ion (= 2.7Å), k is the Boltzmann's constant, T is the temperature, and x is the depth of SiO 2 from the interface between copper and SiO 2 . It should be noted that the above equation can be simplified by the well known eq. (2) 6) when E 2kT /qb.
For combining eq. (1) with Fick's second law (∂C/∂t = −∂ J/∂ x) the diffusion equation is divided into two electric field modes. One is the constant electric field mode in which electric field is constant in SiO 2 . Diffusion equation in constant electric field mode can be expressed by
-Constant electric field mode However, it is thought that the assumption that electric field is constant is unrealistic, because once copper ion diffuses in SiO 2 and exist there as ionized state, the charge of copper ion changes the electric potential profile (φ(x)) in SiO 2 .
7-9)
The variation of φ(x) with the concentration of copper can be calculated with the help of Poisson's equation as given below:
where, φ is the electric potential in SiO 2 , ε r (= 3.9), ε 0 is relative permittivity and permittivity of free space respectively. Boundary conditions for eq. (4) are φ(0) = V and φ(L) = 0. V is the electric potential at the interface between Cu and SiO 2 , and L is the thickness of SiO 2 . In this case, because electric field is a function of x as shown eq. (4), diffusion equation is expressed by Figure 1 shows the evolution of Cu concentration profiles in SiO 2 at 100
• C and 1 MV/cm in constant and variable electric field modes. It is observed that Cu profiles in SiO 2 are quite different in two electric field modes. In constant electric field mode, the concentration of Cu has almost a constant value up to a certain thickness (regime 1), and then decreases rapidly (regime 2) with the thickness of oxide. As the simulation time increases, the overall behavior of the concentration profile of copper is not changed. Only the diffusion length is increased. In variable electric field mode, however, the overall concentration profile is divided into three regimes. As the depth of oxide increases, the concentration profile initially decreases quite rapidly (regime I) and shows a nearly constant value (regime II) while it decreases sharply again (regime III). The initial decrease of copper concentration profile results from the sharp decrease of electric field from the pre-diffused Cu ions (Fig. 2) .
Based on the equations described above, we have calculated the effect of each driving force on the copper diffusion in SiO 2 during BTS test. Here, the number of copper ions in SiO 2 driven by only electric field (Q E ) was compared with those driven by both concentration gradient and electric field (Q C+E ) at various temperatures and electric fields (Fig. 3) . In this calculation, the diffusion time which has little effect on Q E /Q C+E was fixed at the time when Q C+E becomes 1.9 × 10 12 /cm 2 at each temperature and electric field. In this scheme, even though the diffusivity and solubility of copper is changed by an order of magnitude, Q E /Q C+E varies within only 1%. The effect of temperature is also quite minimal. As temperature was varied from 100 • C to 250 • C, Q E /Q C+E was varied within 5% at given electric field. However, when the electric field decreases from 2.0 MV/cm to 0.1 MV/cm, the fraction decreases from 97% to 46% at 100
• C. Because that Q E /Q C+E is 100% means that all copper diffuse by electric force, it is thought that the driving force of concentration gradient is negligible over 1 MV/cm as assumed by J. D. McBrayer et al. 1) However, at low electric field the effect of concentration gradient cannot be neglected, even though copper diffuses in SiO 2 as ionized state. Because BTS test usually was carried out at 2-7 MV/cm in order to decrease test time, the effect of concentration gradient may not be observed. If the drift of copper was evaluated without concentration gradient based on result at high electric field, electrical failure of device occurs at much shorter time than expected, because device works at low electric field (0.1-0.2 MV/cm 3, 8) ). In summary, we simulate the evolution of copper concentration by solving the diffusion equation derived from flux by both concentration gradient and electric field. By considering
